Adaptations to new pollinators involve multiple floral traits, each requiring coordinated changes in multiple genes. Despite this genetic complexity, shifts in pollination syndromes have happened frequently during angiosperm evolution. Here we study the genetic basis of floral UV absorbance, a key trait for attracting nocturnal pollinators. In Petunia, mutations in a single gene, MYB-FL, explain two transitions in UV absorbance. A gain of UV absorbance in the transition from bee to moth pollination was determined by a cis-regulatory mutation, whereas a frameshift mutation caused subsequent loss of UV absorbance during the transition from moth to hummingbird pollination. The functional differences in MYB-FL provide insight into the process of speciation and clarify phylogenetic relationships between nascent species.
Animal-mediated pollination has been the hallmark of the rapid and successful radiation of the angiosperms 1, 2 . Animal-mediated pollination is performed by specific guilds of pollinators, such as bees, butterflies, bats and birds, which are associated with distinct sets of floral traits, often referred to as pollination syndromes 3 . Changes in pollinator groups can cause shifts in pollination syndromes, driving reproductive isolation and even speciation [4] [5] [6] [7] . These shifts have happened frequently during evolution of the angiosperms 2, 3 : for instance, the transition from bee to hummingbird pollination has occurred at least ten times in the Solanaceae family alone 8 . Such transitions require coordinated alterations in multiple floral traits, such as color, scent, nectar and morphology. This raises questions about the molecular basis of these adaptive changes (reviewed in ref. 9 ). Even assuming a simple genetic architecture, multiple genes must be involved in a shift between two pollination syndromes and the genes must change in a temporal sequence that avoids maladapted intermediate phenotypes. In some cases, single genes underlying individual traits have been identified, and changes to these genes can by themselves cause major phenotypic differences and alter pollinator behavior [10] [11] [12] [13] [14] [15] . However, a comprehensive molecular description of any pollination syndrome shift or of any other complex reproductive barriers is still lacking.
The South American genus Petunia (Solanaceae) has undergone recent diversification 16 and comprises at least three distinct pollination syndromes 17, 18 . The genus is separated into two major clades associated with the length of the floral tube 18 . The majority of species are members of the short-tubed clade, in which all species have small, purple flowers that are pollinated by solitary bees 19 . In the long-tubed clade, different pollination syndromes are present. We focus on two species from this clade: Petunia axillaris, which displays a typical hawkmoth pollination syndrome with white flowers that produce abundant volatiles at dusk, and Petunia exserta, which has a characteristic hummingbird pollination syndrome exhibiting bright red, non-scented flowers with protruding reproductive organs 19 . All Petunia species can be intercrossed in the laboratory and produce fully fertile progeny, indicating the absence of postzygotic barriers [20] [21] [22] [23] ; therefore, reproductive barriers must be predominantly prezygotic. As with many recently speciated genera, the direction of evolutionary transitions within Petunia is uncertain, and recent phylogenetic studies only agree that the short-tubed clade is ancestral 18 .
UV light is not perceived by humans but is perceived by insects and other animal pollinators [24] [25] [26] [27] [28] . Flowers that reflect both UV and visible wavelengths are rare in nature, and hawkmoth pollinators prefer UV-absorbing to UV-reflecting white flowers (reviewed in ref. 29 ; see also refs. [30] [31] [32] [33] . Moreover, pollinators can learn to associate differences in UV absorption with differences in reward 34 . A major class of UV-absorbing compounds in plants is the flavonols, which absorb light in the relevant range (near-UV light) for animal pollinators and also serve critical roles, including defense from biotic and abiotic stresses 35 . Flavonols derive from phenylalanine, as do anthocyanins, the predominant visible pigments in plants, and both classes of compounds have the dihydroflavonols as precursors 36 . Petunia integrifolia and Petunia inflata, representatives of the short-tubed clade, have UV-reflective corollas (this study and refs. 19, 20) . Within the long-tubed clade, MYB-FL controls gain and loss of floral UV absorbance, a key trait affecting pollinator preference and reproductive isolation 1 6 0 VOLUME 48 | NUMBER 2 | FEBRUARY 2016 Nature GeNetics A r t i c l e s almost all P. axillaris accessions have UV-absorbent corollas, whereas P. exserta is reflective 19, 37 . Assuming that bee pollination represents the ancestral state in the genus 11, 18 , the earliest flowers must have been UV reflective. One hypothesis is that moth pollination evolved directly from bee pollination. This scenario would have involved a gain of function in UV absorbance in P. axillaris and a subsequent loss of this trait in P. exserta. The alternative hypothesis is that hummingbird pollination evolved from bee pollination, a common transition 38, 39 , and then moth pollination evolved subsequently. This scenario would have required no changes in UV absorbance before the gain of UV absorbance during the emergence of P. axillaris.
Defining the molecular basis of differences in UV absorbance between P. axillaris and P. exserta will help resolve the evolutionary trajectory of these species. A good example of this kind of approach is provided by the Petunia AN2 gene, which controls anthocyanin pigmentation in the short-tubed species 40 . The coding sequence of AN2 is mutated in P. axillaris, causing the petals to be white and pollinator attraction to shift from bees to hawkmoths 11, 40, 41 . Because multiple, independent, non-functional alleles of AN2 have been found in natural populations, the most parsimonious assumption is that white flowers and, thus, P. axillaris are derived.
In this work, we demonstrate the importance of UV absorbance for hawkmoth attraction in Petunia and elucidate the molecular basis of differences in this trait. We show that a single gene, MYB-FL, is the major determinant of differences in flavonol levels and, thus, UV absorption among P. inflata, P. axillaris and P. exserta. The gain of UV absorbance in the derivation of P. axillaris from P. inflata is caused by upregulation of the MYB-FL promoter, whereas a frameshift mutation in MYB-FL is responsible for the difference in UV absorbance between P. axillaris and P. exserta.
RESULTS

Hawkmoths prefer to feed from UV-absorbent flowers
To assess the importance of floral UV absorption, we presented the natural hawkmoth pollinator Manduca sexta 11, 42 with P. axillaris accessions that differ in floral UV absorbance but not visible light absorbance (Fig. 1a,b and Supplementary Fig. 1a,b) . Other floral traits important for pollinator attraction did not differ substantially among these lines (Supplementary Fig. 1c-e) . M. sexta, when presented with the two accessions, preferred the UV-absorbent accession on first choice, and the number of feeding events per line was also higher for this accession (Fig. 1c,d ). No differences were observed in the time spent feeding per feeding event (Fig. 1e) , indicating that lack of UV absorbance affects flower visibility but not access to nectar. This experiment demonstrates that hawkmoths recognize and prefer UV-absorbent P. axillaris flowers, suggesting that UV-reflective P. axillaris accessions may experience lower visitation rates and reproductive fitness if they rely on hawkmoths for pollination.
Differences in flavonol levels map to a major QTL P. inflata, P. axillaris and P. exserta flowers differ in appearance in visible and UV light (Fig. 2a) . The differences in appearance under UV light are determined by contrasting levels of flavonols in corolla limbs (Fig. 2b) . In F 1 plants from interspecific crosses, flavonol levels were as high, or nearly as high, as in P. axillaris, indicating that UV absorbance is a (semi)dominant trait (Fig. 2a,b) . Previous work using F 2 plants from an interspecific cross of P. integrifolia and P. axillaris mapped flavonol levels to a locus on chromosome II (ref. 20) . We carried out a quantitative trait locus (QTL) analysis of an F 2 population obtained by crossing P. axillaris with P. exserta, which similarly identified a major locus on chromosome II that explained 79% of the variation in flavonol levels between the two species as well as a minor locus on chromosome III that explained 14% of the variation ( Fig. 2c and Supplementary Table 1 ). This result is in agreement with our previous studies of differences between P. axillaris and P. exserta that implicated a locus on chromosome II that segregates with both UV absorbance and visible color 37 . In our F 2 population, we also saw a negative correlation between UV absorbance and visible light absorbance (Fig. 2d) , suggesting a tradeoff between flavonols and anthocyanins. To determine whether the same gene or different genes are involved in different species that lack UV absorbance, we crossed the two UV-reflective accessions, P. inflata and P. exserta; we saw no increase in UV absorbance in the F 1 plants (Fig. 2e) . This lack of genetic complementation is direct evidence that the same gene is involved in determining a lower level of UV absorbance and, thus, flavonol levels in the two species.
A regulator of FLS determines differences in flavonols
An immediate candidate for a locus determining the differences in flavonol levels among P. inflata, P. axillaris and P. exserta was flavonol synthase (FLS), as it encodes the enzyme responsible for converting dihydroflavonol precursors into flavonols and maps to chromosome II (refs. 20,43) . The FLS gene was differentially expressed among the different species (Fig. 3a-c) and is closely linked to the major QTL on chromosome II (Supplementary Table 1 ). The predicted FLS protein sequences for all three species are very similar, and all are likely to be functional (Supplementary Fig. 2a ). Expression differences may be attributed to polymorphisms in the promoter region of FLS (cisregulatory differences) or in a transcription factor that binds to the FLS promoter (trans-regulatory differences). Using RNA sequencing (RNA-seq) data from genetic material in which the FLS gene was in a heterozygous state, only minor differences in expression between the parental alleles were detected (Fig. 3d,e) . Altogether, these results We obtained a class of sectors from both populations that reflected UV light to a greater extent than the surrounding F 1 tissue (Fig. 4a ) and that were bright pink in visible light ( Fig. 4b and Supplementary  Fig. 3a-d) . These sectors showed reduced flavonol levels similar to the level in W138 (Fig. 4c) .
Identifying the causal mutation requires finding a gene that is disrupted by a transposon in the sector but not in the surrounding corolla tissue. Using a combination of PCR screening and transposon display (Online Methods), we detected five independent transposon insertions in a gene, MYB-FL, with 38.7% protein identity to Arabidopsis thaliana MYB111 and with an uncommon R2R3-type MYB exon structure of four exons and three introns (Fig. 4d, Supplementary  Fig. 4 and Supplementary Table 2). AtMYB111 is one member of a subfamily of R2R3-type MYB transcription factors that regulate FLS expression in Arabidopsis 44, 45 . Genotyping of the P. axillaris × P. exserta F 2 population showed that MYB-FL is fully linked to FLS (Supplementary Table 3 ). The genes for two homologs of MYB-FL with 30.4% and 35.5% protein identity were found in the P. axillaris genome (and homologs of all three of these genes were found in the P. inflata genome). MYB-FL is the only corolla-expressed gene; therefore, we focused on MYB-FL.
To confirm that MYB-FL is responsible for the difference in UV absorbance between P. axillaris and P. exserta, we generated a germline MYB-FL mutant from a large somatic sector by regenerating plantlets from sepal tissue. A germline transposon insertion line, A1-95, was obtained with the P. axillaris allele of MYB-FL disrupted by a dTph4 transposon (MYB-FL Pax-dTph4 ) and the other MYB-FL allele from W138 (Supplementary Fig. 3e ). This plant was crossed with P. exserta. Resulting progeny with genotype MYB-FL Pax-dTph4 / MYB-FL Pex were UV reflective, indicating that no complementation occurred and that MYB-FL Pax-dTph4 is allelic with the causal gene in P. exserta (Fig. 4e) . Occasional UV-absorbent sectors were present owing to transposon excision ( Supplementary Fig. 3f,g ).
We also measured absorbance in the visible light range in the bright pink sectors, as they clearly appeared darker and of a different hue than the unaffected surrounding tissue (Fig. 4b) . Visible light absorbance was increased by 1.5-to 4-fold in the sectors in comparison to surrounding tissue ( Supplementary Fig. 3a-d) A r t i c l e s anthocyanidin levels as well as an alteration in the proportions of these compounds (Fig. 4f) . Thus, the negative correlation between flavonol and anthocyanin content in the F 2 mapping population ( Fig. 2d ) may be attributed to the allelic status of MYB-FL.
MYB-FL is expressed in P. exserta but is mutated P. axillaris and P. exserta buds showed peak expression of MYB-FL at the mid stages of bud development, at approximately the same time as or a bit earlier than FLS expression (Figs. 3c and 4g), consistent with a role in regulating FLS expression. Expression of MYB-FL and FLS was consistently lower in P. exserta than in P. axillaris. This observation was supported by RNA-seq analysis ( Table 1) . However, the differences in MYB-FL expression were moderate and are unlikely to explain the extreme differences in FLS expression between the two species. Therefore, we asked whether a functional difference in the MYB-FL proteins from the two species could explain the differences in FLS expression. Comparison of the full-length MYB-FL sequences showed that the P. exserta allele has a 1-bp deletion in exon 3 causing a frameshift and resulting in a truncated protein sequence ( Fig. 4h and Supplementary Fig. 4 ). npg has a dual function as an activator of flavonol synthesis and an inhibitor of the anthocyanin pathway. For instance, as well as activating FLS expression, MYB-FL might inhibit the subset of flavonoid biosynthetic genes upregulated during anthocyanin production (for example, CHS-J, DFR, ANS, RT, MT and GST) 46 . We investigated whether anthocyaninspecific genes show expression differences dependent on the presence or absence of the P. axillaris allele of MYB-FL (MYB-FL Pax ) by comparing RNA-seq data for IL2-1 Pax and P. exserta ( Table 1 ). This comparison showed that the portion of the genome containing MYB-FL caused minor (10-30%) downregulation of DFR, RT, MT and GST in P. exserta relative to IL2-1 Pax . This suggests that the P. axillaris MYB-FL allele has at most a minor role in explaining differences in the anthocyanin branch of the pathway between P. axillaris and P. exserta and does not explain the complete difference in anthocyanin levels for these species. Because MYB-FL appears to have a minimal influence on anthocyanin biosynthetic genes, competition for shared substrates-dihydroflavonols-is most plausible 43, 47 .
Considering the negative correlation between absorbance in the UV
A cis-acting mutation upregulates MYB-FL in P. axillaris
The results presented above clearly show that MYB-FL underlies a major difference in flavonol levels between P. axillaris and P. exserta. Complementation tests showed that the same locus is also responsible for UV reflection in P. inflata (Fig. 2e) . Thus, we set out to investigate MYB-FL in P. inflata. P. inflata MYB-FL encodes a full-length protein sequence presumably producing a functional protein ( Supplementary  Fig. 4 ). MYB-FL expression was 24-fold lower in P. inflata than in P. axillaris (Fig. 5a) , which could explain the lower expression of FLS in P. inflata (Fig. 3a) . To determine whether MYB-FL shows cis-or trans-regulatory differences in these two species, we measured ASE in the P. axillaris × P. inflata F 1 population and found that expression was 15-fold higher from the P. axillaris allele (Fig. 5b) . This indicates a cis-regulatory difference in the regulation of MYB-FL between the two species. We compared the upstream sequences of the MYB-FL alleles from P. inflata, P. axillaris and P. exserta as well as the intronic regions and found three major structural polymorphisms (Fig. 5c) . Most notably, a Significance-level P statistics were calculated using DESeq2 and adjusted for multiple testing with the Benjamini-Hochberg procedure to control for false discovery rate: NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.0001. Table 4 ). Altogether, the genetic data, expression differences and sequence differences show that cis-regulatory elements of the MYB-FL gene are likely to be responsible for the differences in expression of the alleles from P. axillaris and P. inflata and, thus, for the differing flavonol levels in the petals of the two species. Future experiments such as promoter reporter assays will narrow down the crucial regions that determine the differences in expression.
MYB-FL differentiates species in natural populations
P. exserta has a narrow distribution and is exclusively found in shallow shelters formed in sandstone towers. P. axillaris grows around but not inside these shelters 48, 49 . Here we ask how the 1-bp deletion in the MYB-FL P. exserta reference accession is distributed in natural populations. P. exserta accessions were sampled from nine towers representing the distribution of the species in the Serra do Sudeste region of Brazil and P. axillaris accessions were sampled from multiple locations in Argentina, Uruguay and Brazil, including regions of sympatry with P. exserta (Supplementary Table 5) 49 ; samples were genotyped using a cleaved amplified polymorphic sequence (CAPS) marker. Of the 140 P. exserta accessions genotyped, 138 were homozygous for the 1-bp deletion. Of the remaining two individuals, one could not be genotyped (Supplementary Note) and one was homozygous for the P. axillaris genotype (P. exserta population 26; Supplementary Table 5) .
Of the 159 P. axillaris accessions, 155 were homozygous for the P. axillaris allele and three were heterozygous for the 1-bp deletion. Two of the heterozygous individuals came from a population that is sympatric with P. exserta (P. axillaris population 66; Supplementary Table 5 ). The other heterozygous individual came from a population in Uruguay (P. axillaris population 12; Supplementary Table 5) , approximately 300 km removed from P. exserta populations. One individual could not be genotyped (Supplementary Note). Thus, the MYB-FL marker shows an almost perfect association between genotype and species classification.
We also tested individuals that came from a population, Pedra da Cruz, that included putative hybrids of P. axillaris and P. exserta (Supplementary Table 5 ). Of these individuals, eight were homozygous for the P. exserta genotype, eight were homozygous for the P. axillaris genotype and five were heterozygous. Six individuals could not be accurately genotyped (Supplementary Note). We did not have data on UV absorbance for any of these individuals, so we could not examine the association between this trait and MYB-FL genotype. Instead, we made use of seeds collected from plants from the same population as well as from a second population with putative hybrid individuals, Ponto 143 (Supplementary Table 5 ). Progenies were obtained corresponding to one to three of the possible genotypic classes (Fig. 6) . Classes homozygous for the P. exserta genotype showed a low level of UV absorbance, and heterozygous classes and those homozygous for the P. axillaris genotype showed a comparatively higher level of UV absorbance. This association was significant in the three families segregating for all three genotypic classes (Fig. 6) .
DISCUSSION
We have identified a single R2R3-type MYB transcription factor, MYB-FL, that through different molecular mechanisms is responsible for the high levels of UV-absorbing floral flavonols in P. axillaris and the low levels of these compounds in P. inflata and P. exserta. With support from pollinator choice assays, we propose that high levels of flavonols evolved in P. axillaris to attract nocturnal visitors and were lost again during adaptation to hummingbird pollination. Changes in UV absorbance are a key component of switches between pollination syndromes, and, consequently, MYB-FL can be designated as a speciation gene.
Flavonols are present in early land plants (liverworts, hornworts and bryophytes), meaning that their function arose long before the evolution of flowers, probably to protect from light stress 50 . Likewise, R2R3-type MYBs are present in early land plants and presumably regulate flavonoid biosynthetic genes 51 . Duplications within this gene family are associated with new expression domains in higher plants [52] [53] [54] . Therefore, we assume that MYB-FL acquired its function in pollinator attraction through a similar process. MYB-FL joins other R2R3-type MYBs involved in pollination syndrome shifts, such as transitions in anthocyanin levels and scent volatiles [11] [12] [13] 40, 52, 53, 55 . Our results further support the thought-provoking hypothesis that, similarly to how the MADS-box transcription factors provide the toolbox for floral whorl identity, R2R3-type MYBs are preferentially recruited for shifts in floral pollination syndromes 56 .
Phylogenetic relationships between nascent species are often difficult to resolve owing to low levels of genetic divergence, standing variation and continuing gene flow 57 . This is also true for Petunia, where relationships in the long-tubed clade are especially uncertain 18, 48, 49 . table 5 ). Progeny that had at least n = 4 for each genotypic class (progeny from plants 1, 2 and 3) were tested for statistically significant differences (Kruskal-Wallis one-way analysis of variance). Genotypes were obtained for three parental plants: plant 2 (H), plant 4 (A) and plant 6 (A). Each box bounds the interquartile range (IQR) divided by the median, and whiskers extend to a maximum of 1.5 × IQR beyond the box. Data beyond the edges of the whiskers are outliers and are plotted as points (as specified by Tukey). The width of the boxes corresponds to n within a single plot. E, homozygous for the P. exserta-like allele with the 1-bp deletion; H, heterozygous; A, homozygous for the P. axillaris-like allele.
A r t i c l e s
To some extent, the problem can be addressed by high-throughput sequencing in combination with sophisticated statistical methods 58 . In complement to these approaches, we propose that examination of functionally relevant polymorphisms-those that determine adaptive differences-can help resolve phylogenetic uncertainties. On the basis of our molecular analysis of MYB-FL function, the most parsimonious trajectory is that MYB-FL was originally a weakly expressed functional gene in the bee-pollinated ancestor and then acquired a cis-regulatory mutation that boosted its expression in P. axillaris. Subsequently, the gene became inactive in P. exserta, not through reduced expression but as a result of a frameshift mutation.
The tradeoff between anthocyanins and flavonols also suggests the most likely order of changes in these two traits. During the transition from P. axillaris to P. exserta, a decrease in flavonol levels must have occurred first, before the major increase in anthocyanin levels could have been achieved. Whether this increase occurred immediately would have depended on the expression level and functional capacity of the anthocyanin biosynthetic genes in this ancestral P. axillaris species. Rather than representing degeneration of a function no longer needed, loss of UV absorbance may have been a prerequisite to produce the red color prevalent in hummingbirdpollinated flowers 59, 60 . Furthermore, if upregulation of MYB-FL and flavonols was the primary event during the transition from the short-tubed, bee-pollinated clade to P. axillaris, this could have caused loss of selection on maintenance of AN2 function, something suggested by the occurrence of multiple nonsense alleles of this gene 11, 40 . This highlights that genetic and biochemical mechanisms may constrain the types of transitions that can occur and the sequence of trait changes within a single transition.
Genes involved in prezygotic reproductive isolation and speciation are being identified in a variety of plant and animal systems 14, [61] [62] [63] [64] . Pollination syndromes pose an interesting challenge. QTL analyses in Petunia suggest a total of at least a dozen loci explaining major differences in floral color, UV absorbance, scent production, nectar production and morphology 13, [65] [66] [67] , comparable to other QTL studies [68] [69] [70] [71] . Considering this genetic complexity, how can shifts in pollination syndromes have happened so frequently during angiosperm evolution? We suggest the following mechanisms. First, evolutionary theory allows for initial mutations of large effect during adaptive bouts with fine-tuning through changes of smaller effect 9, 72 . Here we show that differences in UV absorption are specified by a single transcription factor, MYB-FL. Similar results were obtained for transitions in anthocyanin-based color 11, 12, 40, 52, 53, 55 . If this trend holds, the number of genes will still be large but will be finite. Second, the MYB-FL gene is tightly linked to major loci for scent production and morphology 37 . Such an architecture will maintain favorable gene combinations in sympatry 73 . Third, as a result of competition for a common substrate, upregulation of MYB-FL expression will enhance UV absorption and make petals visibly paler. Thus, a mutation in a single gene can pleiotropically affect two traits. Finally, even changes in single genes can strongly affect pollinator preference (Fig. 1) 11 . In the case of AN2, loss of function increases attraction of hawkmoths without reducing visitation by the established bee pollinator 41 . Such intermediate stages with relaxed pollinator specificity but enhanced reproductive assurance need not be maladaptive during periods of rapid change.
Identifying the functionally relevant polymorphisms underlying all major QTLs and determining their genomic architecture is now feasible. This will deepen insight into the process of speciation and thereby resolve phylogenetic relationships between nascent species. 
ONLINE METHODS
Plant material. P. axillaris ssp. axillaris N (P. axillaris) is from the Rostock Botanical Garden (Germany); P. axillaris ssp. parodii S7 (S7) and P. inflata S6 (also referred to as P. integrifolia ssp. inflata S6; P. inflata) were provided by R. Koes (University of Amsterdam); and P. exserta was from R.J. Griesbach (Beltsville, USA). The accessions are maintained by cuttings and self-fertilization, except for P. inflata, which is maintained by sibling crosses. P. axillaris ssp. parodii Rio Arapey was collected as selfed seeds in Uruguay in January 2006 (30° 58′ 9.5″ S, 57° 41′ 38.1″ W). P. hybrida W138 is a standard laboratory line maintained by self-fertilization. The introgression line IL2-1 results from a P. exserta × P. axillaris F 1 backcrossed to P. exserta five times and selfed three times and is further described in ref. 37 Table 5 ) on field trips in November 2013. For hybrid individuals 2-6, 8 and 9, the total amount of seeds collected was sowed, and, for individuals 1 and 7, 46 and 24 seeds were sowed, respectively; the progeny represent the total number of seeds that germinated and reached maturity. Plants were grown as described 13 . Plants with tissue sampled for LC-MS and proton transfer reaction mass spectrometry (PTR-MS) analyses, quantitative RT-PCR and RNA-seq experiments were grown in a growth chamber under a light/dark regime of 15 h/9 h at 22 °C (day) and 17 °C (night), and tissue was sampled at the same time each day during a single experiment.
Behavioral experiments. M. sexta (strain Yamamoto) pupae were obtained from the North Carolina State University insectary and held under the following climatic conditions: light was provided by six fluorescent tubes (Philips TDL, 36 W, >1 kHz) with a light/dark cycle of 16 h/8 h in an environmental cabinet programmed at 26 °C and 65% relative humidity. Pupae were sexed before emergence and placed in rearing cages (BugDorm-4180F, BugDorm) containing a wet tissue. Naive females were used for the experiments and were 4-6 d old, unmated and unfed. Experiments were conducted in a screen cage (368 × 248 × 144 cm 3 ) outside in the Botanical Garden of Bern (Switzerland) during October 2007 and August-September 2008. The tests were performed between 30 min to 2 h after sunset, essentially as described previously 41 . Naive moths were taken one by one and released in the experimental cage for 5 min. Each moth was presented with two plants of each species, each with equal numbers of flowers. The position of the plants was alternated day to day. The entrance site of the moths varied between each assay to minimize the impact of the first flower seen on entry. The moths could fly freely, and during this time their behavior bouts (feeding and duration of feeding events) were recorded. The number of moths tested was based on previous behavioral experiments 41 . Data for moths that did not feed were discarded.
UV images and UV scoring.
Images were recorded using a Nikon 60-mm 2.8D microlens with a Nikon D7000 SLR camera that was converted to record UV light by replacing the manufacturer's filter with a UV-specific filter that blocks visible and infrared light (Advanced Camera Services). A light source was provided by a Metz MZ76 flash gun that was modified to produce UV-A light (320-390 nm; Advanced Camera Services). Images were converted to grayscale in Photoshop CS4 (Adobe Systems), and, where necessary, exposure was adjusted over the complete image. Flowers were scored either as UV absorbent or UV reflective on the basis of comparison with a representative P. axillaris flower. Liquid chromatography-mass spectrometry quantification of flavonols and anthocyanidins. Tissue was collected from 1-to 2-d-old flowers, homogenized in liquid nitrogen and stored at −80 °C until extraction. For experiment 1 (comparing P. axillaris or P. axillaris × P. exserta F 1 , P. exserta and A1-95 plants), corolla limb tissue from three flowers from the same plant constituted a single biological replicate; for experiment 2 (comparing P. axillaris × P. inflata F 1 and P. axillaris plants), corolla limb tissue from one flower of one plant represented one biological replicate. Flavonoids were extracted using 20 µl of extraction buffer (5% hydrochloric acid in methanol, plus 50 nM of an internal standard) per 1 mg of ground plant tissue. Samples were sonicated for 15 min following extraction and then hydrolyzed at 100 °C for 10 min to obtain the aglycones. Samples were centrifuged at 15,000g, and the supernatant was diluted (1:1,000) with methanol containing 1% hydrochloric acid before LC-MS analysis. LC-MS analysis was performed using an Agilent 1260 HPLC System connected to a QTRAP 5500 mass spectrometer with a Turbo V Source (ABSciex). Peak areas of each compound for each sample were normalized to the internal standard, and quantification was performed by external calibration to standards (kaempferol, quercetin, myricetin, cyaniding and malvidin, from Sigma-Aldrich; petunidin and peonidin, from Extrasynthese). The levels of pelargonidin and delphinidin were too low to measure accurately and thus were excluded from analysis. Data for Figure 2b were combined from experiments 1 and 2, using quantification relative to P. axillaris. In some samples (Fig. 2b , P. axillaris and P. axillaris × P. exserta F 1 and Fig. 4c , P. axillaris and A1-95 UV-absorbent tissue), quercetin values were above the range of the standard curve (by 4.1-9.5×), and these concentrations were derived by extrapolation.
Measurement of additional floral traits. Floral surface area was recorded using front-view photographs and measured using ImageJ software as described 42 . Nectar was weighed after extraction from corolla tubes by centrifugation. Methylbenzoate was measured using PTR-MS as described previously 13 .
DNA and RNA manipulations. Genomic DNA extraction was performed with a modified CTAB method 74 or with the plant GenElute DNA isolation kit (Sigma), except for extraction of genomic DNA from wild accessions, which was performed as described previously 49 . For RNA extractions, all tissue was homogenized in liquid nitrogen. RNA extraction for the RNA-seq experiment comparing P. axillaris, P. exserta and the IL2-1 breeding line was performed using TRIzol (Life Technologies) according to the manufacturer's recommendations. All other RNA extraction was carried out using the RNeasy Plant Mini kit (Qiagen). DNA and RNA were quantified using a Nanodrop ND-1000 instrument (Thermo Fisher). Oligonucleotides (Supplementary Table 6 ) were designed using Primer3.
Genotyping and marker association analyses. Three flowers from each of the 203 P. axillaris × P. exserta F 2 individuals were quantified for UV and visible light absorbance using spectrophotometry. Genotyping and QTL analysis of this population is described elsewhere 13 : the QTL likelihood profile in Figure 2c was created using Qgene (simple interval mapping), and the statistics in Supplementary Table 1 were calculated using QTX 75 . Further genotyping was performed with the MYB-FL-5′CAPS marker: details of the MYB-FL CAPS markers and PCR conditions can be found on our website. A Spearman's rank correlation coefficient was used to test the association between UV and visible light absorption in the P. axillaris × P. exserta F 2 population because the data most resembled a monotonic relationship. Wild accessions were genotyped using the MYB-FL-3′CAPS marker, and some were screened using positive-control PCRs (Supplementary Note). Progeny of putative hybrid wild accessions were genotyped in the same way and phenotyped using spectrophotometry (five flowers per plant). Genotypic classes had equal variance (Levene's test) but were not normally distributed (Shapiro-Wilk test), so tests for association of means with npg MYB-FL genotype were carried out using Kruskal-Wallace one-way analysis of variance in R.
Transposon tagging. F 1 populations were constructed by crossing P. hybrida W138 red-flower (AN1-revertant) pollen to both P. axillaris and IL2-1 Pax . We initially screened for sectors of interest using a UV camera, including three flowers per plant from 80 plants of the P. axillaris × W138 F 1 population and three flowers per plant from 64 plants of the IL2-1 Pax × W138 F 1 population. A total of 28 UV-reflective sectors were obtained, ranging in size from 2 mm 2 to 75 mm 2 . These sectors fit four major classes based on appearance in visible light: white (5), dark purple (12) , bright pink (9) and the same color as the surrounding tissue (2) . The bright pink class reflected the most UV light in comparison to the surrounding F 1 tissue (Fig. 4a,b) . We therefore focused on identifying large sectors of this bright pink class, allowing further screening to be performed by eye. Over 14 months, we screened the constantly flowering F 1 populations twice weekly and sampled bright pink sectors that were at least 100 mm 2 (one-tenth of the petal for the P. axillaris × W138 F 1 population and one-eighth of the petal for the IL2-1 Pax × W138 F 1 population). In total, 45 of such large sectors and neighboring tissue were sampled from 36 individual plants. Small tissue samples from the sector and surrounding tissue were taken for spectrophotometric analysis, and tissues were separated and frozen in liquid nitrogen. DNA was extracted from both tissues and screened by PCR. A P. axillaris transcriptome assembly from stage 5/6 floral bud tissue was used to perform BLAST analysis for homologs to the Arabidopsis genes AtMYB111 (GenBank, NM_124310), AtMYB12 (GenBank, NM_130314) and AtMYB11 (GenBank, NM_116126). A contig corresponding to the first two exons of the AtMYB111 gene was found and designated MYB-FL, and primers were designed to the first two exons to use in the PCR screen (B371 and B369 primers; Supplementary Table 6 ). Samples that showed a difference in MYB-FL PCR product size between the sector and surrounding tissue were scored as potentially containing a transposon insertion (Supplementary Table 2 ). Some of these sector samples also showed the MYB-FL-sized PCR product, presumably because of amplification of non-mutated MYB-FL in the L2 and L3 tissue layers. Products were cloned using the pGEM-T Easy vector system (Promega) and subsequently sequenced.
A transposon display protocol 76 , modified to allow sequencing by Illumina technology on a HiSeq 2000 platform, was also carried out on 16 samples. To guarantee broad coverage of insertion loci, we independently amplified from each sample three possible flanking sequence collections, using either MseI-MfeI digestion (recovery of sequences flanking the right border of dTph1) or BfaI-MfeI digestion (recovery of sequences flanking the left and right borders of dTph1). The origin of the different samples in the sequencing output was determined on the basis of barcodes incorporated in the amplification primers. The resulting sequences were searched by BLAST for novel insertions in MYB-FL that were present in material derived from sectors and absent from surrounding tissue. For further details, see the Supplementary Note.
To obtain germline mutations, tissue culture was carried out on the sepals of a fully UV-reflective flower from P. axillaris × W138 F 1 plant A1-95 (sample A1-95_3 in Supplementary Table 2 ). Resulting clonal plants were selfed, and 24 progeny per plant were phenotyped for UV absorbance (fully UV-reflective progeny indicated that the MYB-FL Pax-dTph4 allele was present in the germ line) and PCR screened for the MYB-FL allele (B371 and B369 primers; Supplementary Table 6 ). This germline mutant was crossed with P. exserta (MYB-FL Pex /MYB-FL Pex ) to give progeny of genotype MYB-FL Pex /MYB-FL Pax-dTph4 or MYB-FL Pex /MYB-FL W138 . These plants were phenotyped and genotyped as described above.
Sequence analysis of MYB-FL. The full-length MYB-FL sequences including the promoter were obtained by BLAST search of the draft genomes of P. axillaris (v.1.6.2) and P. inflata (v.1.0.2) and were confirmed by Sanger sequencing (primers listed in Supplementary Table 6 ). The sequence of MYB-FL in P. exserta was obtained using PCR amplification with primers designed to the P. axillaris sequence and Sanger sequencing (primers listed in Supplementary  Table 6 ). Sequence analyses were performed in Geneious (Biomatters).
Quantitative RT-PCR. Tissue was collected from different floral developmental stages (Supplementary Fig. 2b) , and samples consisted of the following: stage 1, three buds, sepals removed; stage 2, two buds, sepals and reproductive organs removed; stages 3 and 4, one bud, sepals and reproductive organs removed; stages 5/6 and 7/8, one bud each, sepals and reproductive organs removed. Bud tissue was combined during homogenization of the tissue. Samples were collected from three plants representing three biological replicates. After extraction, RNA samples were treated with DNase I (SigmaAldrich), and the quality of the RNA was subsequently measured on a 2100 Bioanalyzer (Agilent Technologies). Samples with an RNA integrity number (RIN) less than 7.5 were discarded. First-strand synthesis was performed using Transcriptor Universal cDNA Master (Roche) containing random-hexamer primers, according to the manufacturer's recommendations. Quantitative RT-PCR experiments were performed using a LightCycler 96 Real-Time PCR System (Roche) with the KAPA SYBR FAST qPCR kit optimized for LightCycler 480 (KAPA Biosystems), according to the manufacturers' recommendations. Reactions were run in triplicate for each gene. Primer sequences are given in Supplementary Table 6 . Cycle of quantification (C q ) thresholds and normalization calculations were determined using LightCycler 480 Software (v.1.1.0.1320; Roche). Each biological replicate of each species was analyzed on a separate PCR plate, and a single P. axillaris stage 5/6 sample from one biological replicate was included in each plate for normalization. Integration of data from biological replicates was conducted manually. Standard curves were performed to determine PCR efficiency. Controls with no reverse transcription were included for each sample. Reference genes 77 were tested for stability of expression on two developmental stages from each species using NormFinder 78 . SAND and RAN1 were shown to be the most stable reference genes and were included for each sample.
RNA sequencing. For experiment 1 (comparison of P. axillaris, P. exserta and IL2-1), three stage 5/6 buds (sepals and reproductive organs removed; Supplementary Fig. 2b ) from a single plant were combined for one biological replicate. Three biological replicates each of P. axillaris and P. exserta and four biological replicates each of IL2-1 Pax , IL2-1 het and IL2-1 Pex were sequenced. For experiment 2 (comparison of P. axillaris, P. inflata and P. axillaris × P. inflata F 1 plants), three biological replicates each were used per sample, and each biological replicate represented six stage 4 buds (sepals and reproductive organs removed; Supplementary Fig. 2b,c) from a single plant. The sepals and reproductive organs were removed, the corolla was dissected into limb and tube, and the limb tissue was used for RNA extraction.
RNA was sent to the Lausanne Genomic Technologies Facility (Lausanne, Switzerland) for sequencing. RNA quality was checked using a Fragment Analyzer (Advanced Analytical). For experiment 1, RNA quality numbers (RQNs) ranged from 6.4 to 8.1; for experiment 2, RQNs ranged from 8.3 to 9.2. Cluster generation was performed with the sequencing libraries using the Illumina TruSeq PE Cluster Kit (v.3). For experiment 1, samples underwent paired-end sequencing for 50-bp reads; for experiment 2, samples were single-end sequenced for 100-bp reads. Sequencing data were processed using Illumina Pipeline Software v.1.82. For all samples, raw reads were checked for contamination by aligning them against rRNA sequences from P. axillaris, the Escherichia coli genome and the human transcriptome using Bowtie2 (v.2.2.1) 79 . Reads aligning to mentioned sequences were discarded. FastqMcf (v.1.1.2-686) was used to remove Illumina adaptor sequences and to trim low-quality regions. After trimming, reads shorter than 40 bp and 60 bp were discarded for reads with initial lengths of 50 bp and 100 bp, respectively. These preprocessed reads were mapped against the draft reference genome of P. axillaris (v.1.6.2) using the SNP-tolerant and splice-aware aligner GSNAP (v.2015-06-12) 80 . To allow for variation between the reference sequence and reads, the --m option was set to 0.04. Variant calling was carried out in the Genome Analysis Toolkit (GATK; v.3.4.0) 81 according to GATK best practices for RNA-seq data. After duplicate marking and splitting reads with N's in their CIGAR string, local realignment around indels was undertaken and base quality scores were recalibrated using a set of high-quality SNPs determined by an initial run of the GATK HaplotypeCaller. Only positions that showed homozygous and biallelic SNPs between parental species were considered to represent ASE, and SNPs included for consideration were in the exon, intron, 5′ UTR (within 100 bp of the start codon) and 3′ UTR (within 100 bp of the stop codon) regions. Total RNA-seq reads from all P. axillaris samples from experiment 1 were assembled with Trinity 82 . Trinity was run with quality trimming (-trimmomatic) and strand specificity (-SS_lib_type RF) enabled. 
